dexamethasone; primary response genes; quantitative in situ hybridization THE EPITHELIUM OF THE SMALL intestine matures in three distinct phases: 1) morphogenesis; 2) completion of morphogenesis coincident with onset of functional maturation; and 3) terminal maturation of functional properties (28, 32, 37) . In rats and mice, which are by far the most extensively studied species, morphogenesis is essentially completed during the fetal period so that at birth there are well formed villi and rudimentary crypts (19, 32) . Likewise, initial functional maturation occurs during fetal life so that by the time of normal delivery the intestine is specifically equipped to handle digestion and absorption of all components of the milk diet. Early in the third postnatal week, as weaning begins, terminal maturation occurs such that by the fourth postnatal week the epithelium displays the full array of adult functions (14, 19, 32) . These ontogenic changes are best illustrated by consideration of carbohydrate digestion. During the suckling period when lactose is essentially the only dietary carbohydrate, hydrolytic capacity for lactose is high as a result of strong expression of lactasephlorizin hydrolase throughout the small intestine. Enzymes such as sucrase-isomaltase, maltase-glucoamylase, and trehalase, required for digestion of carbohydrates found in solid food, are expressed at low or undetectable levels during the suckling period (14, 19) . At the time of weaning these enzymes (i.e., the ␣-glucosidases) display marked increase of their activities secondary to increased levels of the respective mRNAs (19, 32, 35) .
Numerous studies over the past 30 years have pointed to two primary mechanisms underlying terminal maturation of the rodent intestine during the third postnatal week. The normal onset of the changes appears to be triggered by an intrinsic timing mechanism, which remains poorly understood. After the onset of changes, the rate of maturation appears to be controlled by glucocorticoid hormones whose circulating concentrations rise dramatically during the third postnatal week (14, 19, 32) . In rodents it is clear that this hormone surge also serves to coordinate terminal maturation throughout the entire gastrointestinal tract (18) . Moreover, in humans the analogous rise of circulating cortisol at the end of term is believed to be an important stimulus to maturation of the human intestinal tract (19) . Beyond these effects of endogenous glucocorticoid on intestinal maturation, early administration of exogenous glucocorticoid is capable of eliciting precocious maturation in both rodents and humans (14, 19) . The latter in turn has important implications in the management of preterm infants in whom the immaturity of the intestine constitutes a major cause of morbidity and mortality. Thus elucidating the cellular and molecular mechanisms of glucocorticoid action on the developing intestine has significance both to our basic understanding of intestinal development and for the therapeutic use of these hormones.
Prior studies designed to understand the molecular mechanisms of glucocorticoid action on the developing rodent intestine have typically used either sucrase-isomaltase or trehalase as functional markers. For both of these enzymes, the dramatic increases in activity seen following glucocorticoid administration during the suckling period have been shown to be secondary to increased levels of the respective mRNA (25, 35) due in turn to induction of gene transcription (15, 44) . Although the classical action of glucocorticoid hormones is to stimulate transcription of target genes following binding of the hormone receptor complex to response elements in promoter or enhancer regions, such effects are typically quite rapid, yielding peak levels of mRNA 2-6 h following hormone administration (2, 12) . In contrast, studies of sucrase-isomaltase mRNA following administration of dexamethasone (Dex) to suckling mice (1, 6) have shown a lag of at least 6 -8 h with significant levels of the mRNA being detected only at 12-24 h. Thus we hypothesized that, in the developing intestine, glucocorticoid induction of genes such as sucrase-isomaltase is a secondary effect, elicited in turn by a protein product from one or more primary response genes. To identify such genes we performed microarray analysis of intestinal tissue just 2 h after administration of Dex. This revealed 66 mRNAs that were increased by the hormone treatment (1). As with all such studies, the challenge following microarray profiling of gene expression is to determine which mRNA changes are indeed relevant to the question at hand.
In a tissue of great cellular complexity such as the intestine, the further analysis of microarray data can be facilitated by elucidating the location of the changes in gene expression. Based on work by numerous investigators over the last 30 years, the ability of glucocorticoid hormones to elicit precocious maturation of the small intestine is known to be mediated by proliferating cells in the upper third of the intestinal crypts (14, 19, 32) . For example, increased expression of sucraseisomaltase is observed only gradually, beginning at the base of the villi as newly programmed cells migrate from the crypts. Thus in our case the relevant primary responses to glucocorticoid would be predicted to be observed in either the epithelium or the underlying mesenchyme of the upper crypts. Thus the goal of the present study was to take five candidate primary response genes from the previous microarray study (chosen as described in RESULTS) and determine the cellular location of their expression by in situ hybridization (ISH) at early times following glucocorticoid administration to suckling mice. Since most of the mRNAs identified by microarray displayed relatively modest increases (2-to 16-fold), we needed a method that was capable of detecting quantitative changes of gene expression in a cell-specific manner. Because standard ISH methods are not quantitative, a secondary goal of the present study was to demonstrate that robotic-based ISH allows quantitation comparable to that achieved by Northern blotting of RNA from equivalently treated tissue. The data that we generated also show that, just as previously demonstrated in the mouse brain (9) , this ISH approach further allows determination of different quantitative responses in different cells within the intestinal tissue.
MATERIALS AND METHODS

Animals, Treatments, and Tissue Collection
Timed pregnant C57BL/6J mice were received from Jackson Laboratories (Bar Harbor, ME) on days 11-13 of gestation. They were housed individually and provided food (5001 Rodent Diet; PMI Nutrition International, Brentwood, MO) and acidified tap water ad libitum. Our Institutional Animal Care and Use Committee approved all animal housing and protocol details. On postnatal day 8 (P8), ten pups (2 from each of 5 litters) were injected subcutaneously with vehicle (0.8% ethanol in 0.15 M NaCl) and ten pups (2 from each of the same 5 litters) were injected subcutaneously with 0.4 g/g body wt of Dex. Duodenum, jejunum, ileum, and ascending colon were collected from vehicle-treated and Dex-treated littermates at 3-4 h after injection. For Northern blotting (3 litters), all tissues were collected directly into RNAlater (Ambion, Austin, TX) and stored at 4°C until RNA isolation. For in situ hybridization analysis (2 litters), intestinal segments were flushed with ice-cold 0.9% saline solution. Portions (ϳ1 cm in length) from the mid region of each segment were aligned in parallel in a Cryomold Intermediate (Tissue-Tek, Santa Cruz, CA) containing optimum cutting temperature compound (Tissue-Tek) and then frozen on dry ice. The frozen specimen block was removed and reoriented in optimum cutting temperature in a larger freezing chamber that would allow easier sectioning. Cryostat sectioning was performed at Ϫ10°C as described by Yaylaoglu et al. (42) . In preliminary studies we experimented with sections ranging from 10-to 16-m thickness and concluded that with this fragile tissue from postnatal animals the 16-m sections gave the best results.
Robotic In Situ Hybridization
The ISH probes were generated from cDNA clones (in the vector pSPORT) obtained from the National Institute of Aging 15K cDNA clone set (36) . The cDNA templates were amplified by PCR using a GCG clamp containing T7 (GCGTAATACGACTCACTATAG), Sp6 (GCGATTTAGGTGACACTATAG) or T3 (GCCAATTAACCCT-CACT) primer. The PCR product was purified by using QIAquick spin columns (Qiagen, Germantown, MD) and used as the template for in vitro transcription of digoxygenin-labeled riboprobes as described by Yaylaoglu et al. (42) . The ISH was performed using a robotic platform as reported previously (8, 42) . The concentration of proteinase K found to be optimal for this tissue was 3 g/ml. The hybridized complementary probe was detected by catalyzed reporter deposition using biotinylated tyramide followed by colorimetric detection of biotin with an avidin-alkaline phosphatase conjugate (8, 42) . The latter yields a dark blue precipitate whose abundance is proportional to the number of detected transcripts (8) .
Quantitative analysis of ISH data was performed on all jejunal samples using the Celldetekt protocol to determine cellular gene expression strengths (8) . Using digital images, this method first identifies pixels representing precipitate and then applies a slidingwindow technique to classify the expression level in each detected cell as strong, moderate, or weak. After the software detects the three levels of expression, it will pseudo-color the area in red, blue, or yellow, respectively. The software also detects cells without precipitate and sums these with the expressing cells to quantitate the total cell covered area that was included in the scan. The strong, moderate, and weak signals then can be counted with a second protocol called Cellcount that allows determination of the relative RNA abundance (8) . This software assigns a value of 9 for strong signals, 4 for moderate signals, and 1 for weak signals and then normalizes the composite value on the basis of the total tissue area scanned. For each probe the normalized composite value for each hybridized section was expressed as a percentage of the maximum observed with that probe for all sections of each experimental group (i.e., vehicle and Dex).
RNA Isolation and Northern Blot Analysis
Total RNA was isolated from tissues by homogenization in guanidinium isothiocyanate and pelleting through a cesium chloride cushion as described elsewhere (29) . Northern blots were made by using 10 g of total RNA per lane on a 1% formaldehyde agarose gel. The RNA was transferred onto uncharged nylon membrane by capillary transfer with 10 ϫ SSC and then UV cross linked. The blots were sequentially probed with various cDNAs obtained from the National Institute of Aging 15K cDNA clone set (36) and mouse Actb (3) . In all cases, clone inserts were 32 P-labeled by random primed oligolabeling. Prehybridization and hybridization were performed according to procedures previously published (1) . No blot was probed more than four times, including the Actb probe. All blots were subjected to autoradiography, and the size of each transcript was interpolated from the 18S and 28S rRNA bands.
Signals from Northern blots were quantified by phosphorimaging. To correct for loading variation, these data were expressed as a ratio of the hybridization signal of the band of interest to that of the constitutive marker Actb on the same blot. These ratios were then expressed as a percentage of the peak value of each blot. For graphical presentation, values for individual animals from each experimental group were calculated as means Ϯ SE.
Statistical Analyses of Quantitative Data
For each transcript, statistical significance was assessed by twoway ANOVA, with treatment (vehicle vs. Dex) as one variable and method (ISH vs. Northern blotting) as the other variable. In the case of Gene 9 an additional two-way ANOVA was performed to compare the effects of treatment (vehicle vs. Dex) on levels of transcript in different cellular locations (villus core vs. muscle layers).
RESULTS
Choice of Transcripts for ISH
For this ISH study we chose to focus on 5 of the 66 transcripts originally identified by microarray as being rapidly induced in the jejunum of suckling mice following Dex administration (1). Among the 66 were 11 transcripts for which a complete time course of induction had been established (1) . From these 11 we chose three known genes that were likely candidates for mediating glucocorticoid-induced functional maturation of the intestine, based on their known roles in other tissues. These were Ndrg1 (N-myc downstream regulated 1), which has been reported to be associated with development and/or differentiation in several tissues (1), including human colon (40) ; Sgk1 (serum/glucocorticoid regulated kinase 1), which is known to mediate glucocorticoid and mineralocorticoid effects in various epithelia (23) ; and Fos (FBJ osteosarcoma oncogene), which is a transcription factor that has previously been implicated in intestinal maturation (6, 10, 31) . In addition, because the microarray analysis had shown that the rapidly induced transcripts included a large proportion of unknown genes (47%), we also chose two of these, namely Gene 9 and Gene 36 (using the numbering system from the prior study). All five transcripts were known to be detectable by Northern blotting of total jejunal RNA. Moreover, because the previous time course analysis showed these transcripts to display peak induction between 2 and 6 h after Dex administration (1), for the present study tissue was collected 3-4 h after either the vehicle or Dex injection. Finally, as glucocorticoid-induced precocious maturation results in activation of different secondary response genes in different regions of the intestinal tract (e.g., sucrase-isomaltase in jejunum compared with bile acid binding protein in ileum), although our prior study had focused only on jejunum, in the present study we have examined the five transcripts in four different regions: duodenum, jejunum, ileum, and colon. Figure 1 shows that despite the fragility of the P8 intestinal tissue (particularly the small intestine), acceptable frozen cross sections were obtained. Moreover, these tightly controlled ISH procedures allow visualization of quantitative changes of gene expression as indicated by the stronger signal in all the specimens from Dex-treated pups compared with those from vehicle-treated pups. To control for specificity, in addition to hybridization with antisense riboprobes (as seen in Fig. 1 ), serial sections were also hybridized with the respective sense riboprobes. As can be seen in Supplemental Figs. S1-S5, which are included in the online version of this article, although there was some variation from probe to probe, in the intensity of the gray "ghost" images, these sense hybridizations showed a total absence of blue precipitate. This indicates that both endogenous alkaline phosphatase and nonspecific binding of riboprobes were effectively eliminated by the rigorous hybridization and washing procedures used in this robotic protocol. The data shown in all of the main figures of this paper represent specific binding of the antisense probes and thus of the respective transcripts.
Cellular Location of Dex-Induced Transcripts
The ISH revealed exquisite specificity and remarkable diversity of cellular location of gene expression in response to glucocorticoid. This can be discerned in Fig. 1 but is more apparent in the high-power images shown in Fig. 2 and Supplemental Figs. S1-S5. The details are given below.
Ndrg1. Jejunal sections from Dex-treated pups showed strong induction of Ndrg1 transcripts in epithelial cells of the lower villi and upper crypts ( Fig. 1A and 2A ). This pattern was also observed in the other two regions of the small intestine ( Fig. 1A and Supplemental Fig. S1 ); however, in the colon Ndrg1 was induced in all epithelial cells. In all segments from vehicle-treated pups the Ndrg1 transcripts appeared to be in the same respective location but at much lower abundance than in those from Dex-treated pups.
Sgk1. The mRNA for Sgk1 was barely detectable in any of the sections from control pups, whereas very strong signals were observed throughout the epithelium of the duodenum, jejunum, ileum, and colon from Dex-treated pups (Fig. 1B) . High-power images shown in Fig. 2B and Supplemental Fig.  S2 confirmed that the Dex induced Sgk1 transcripts are expressed in all epithelial cells of both small and large intestines. There does appear to be some variation in the level of expression with individual scattered cells showing more intense signal than others.
Fos. In contrast to the previous two patterns, Fos transcripts were detected only in the small intestine and in all three regions (duodenum, jejunum, and ileum) were found primarily in the epithelia of the villus tips (Figs. 1C and 2C and Supplemental  Fig. S3 ). This appeared to be true for sections from vehicletreated pups as well as from Dex-treated pups. The latter sections showed both greater signal intensity and a greater proportion of villi being positive. Both low-power (Fig. 1C) and high-power (Supplemental Fig. S3 ) images of the colon showed no blue precipitate, indicating that Fos transcripts were either absent or below the level of detection in this region of the intestinal tract.
Gene 9. Whereas all three previous transcripts were confined to various regions of the epithelium, transcripts for Gene 9 presented a very different pattern. Low-power images showed strong expression in the external muscle layers of all four regions (Fig. 1D ) from Dex-treated animals. In addition, in the duodenum, jejunum, and ileum, transcripts were also induced in the lamina propria of the villus core. High-power images ( Fig. 2D and Supplemental Fig. S4 ) reveal that sections from vehicle-treated animals displayed Gene 9 transcripts in the same respective locations. In the duodenum, jejunum, and ileum the magnitude of Dex induction appeared to be greater in the muscle layers than in the villus core. This observation is addressed further in Fig. 5 (see Differential Expression of Gene 9 in the Dex-Induced Intestine).
Gene 36. Transcripts for Gene 36 displayed patterns reminiscent of those seen with Ndrg1. In duodenum, jejunum, and ileum from both vehicle-treated and Dex-treated animals, lowpower images showed Gene 36 transcripts to be confined to the epithelium of the crypts and lower villi. High-power images ( Fig. 2E and Supplemental Fig. S5) showed the Dex-induced transcripts to extend further along the villi, but in a declining gradient toward the villus tip. Just as for Ndrg1, in the colon, Gene 36 transcripts were found throughout the epithelium. In all regions, the magnitude of Dex induction of Gene 36 appeared to be somewhat less than that for Ndrg1 primarily because of higher basal levels of expression in the tissues from vehicle-treated pups.
Quantitation of Relative mRNA Abundance
As explained in detail in METHODS, our ISH data for jejunal samples were subjected to quantitative analysis by a two-step process. In the first step, the digital images were scanned with specially designed software that is able to detect strong, moderate, and weak levels of expression depending on the signal strength and will accordingly color the area with red, blue, or yellow. Typical pseudo-color images are shown in Fig. 3 . Even without further analysis these images are of value because, for all transcripts studied, the greater abundance in tissue from Dex-treated pups is far easier to observe than it was in the native images shown in Fig. 1 . The data shown in Fig. 3 confirmed that for all five transcripts the cellular location of expression under control conditions (vehicle injection) was the same as following Dex treatment. However, the pseudo-color images also revealed subtle differences in the magnitude of the Dex-induction in different cells. For example, for Sgk1 mRNA (Fig. 3B) , although present in all epithelial cells, appears to be more strongly induced on the lower halves of the villi. For Gene 9 there is an even more dramatic difference, this time between the induction in the villus core compared with the muscle layers. This is documented further in Fig. 5 and discussed under Differential Expression of Gene 9 in the Dex-Induced Intestine.
In the second step of the quantitative analysis, values were assigned to the strong, moderate, and weak signals, giving a composite number that was then normalized to the area of tissue scanned. Figure 4 shows that, when the data thus generated are compared with those obtained by phosphorimaging of Northern blots, for each transcript the results from the two methods were remarkably comparable. Statistical analysis (Fig. 4) showed that for all transcripts the effect of treatment (i.e., Dex vs. vehicle) was highly significant (P Ͻ 0.001), whereas the effect of method (Northern vs. ISH) was not significant (P Ͼ 0.3). Most importantly, the interaction term in the two-way ANOVA was also, in all cases, not significant (P Ͼ 0.15), indicating that the method of analysis did not significantly affect the conclusion regarding treatment. The comparability of the two methods is further illustrated in Fig.  4 by the numerical values for the average fold induction for each transcript in tissue from Dex-treated animals compared with vehicle-treated animals.
Differential Expression of Gene 9 in the Dex-Induced Intestine
To illustrate the power of these ISH procedures to detect quantitative differences in different cellular locations, Fig. 5A presents both standard and pseudo-color images for Gene 9 transcripts in duodenum. As can be seen, in tissue from vehicle-treated pups moderate-and weak-intensity signals were observed in both the lamina propria of the villus core and the external muscle layers. Tissue collected 3-4 h after Dex injection showed induction in both regions, but with a distinct difference in magnitude. In the villus core, although some strong (red) signals were detected, the majority were moderate (blue) and some remained weak (yellow). In contrast in the muscle from Dex-treated animals the Gene 9 transcripts showed almost exclusively strong (red) signals. Results of quantitative analysis from the two regions are shown in Fig.   5B . These data confirmed the impressions from the images in showing greater Dex induction in the muscle (12.6-fold) compared with the villus core (4.9-fold). Two-way ANOVA of these data showed that not only was the Dex effect highly significant (P Ͻ 0.001), but the difference between muscle and villus core was also significant (P Ͻ 0.015). In addition, the interaction term in the ANOVA was significant (P Ͻ 0.02), indicating that location affected the magnitude of the Dex induction. These data illustrate that this method for quantitative ISH is a valuable tool for analyzing differential gene expression within distinct areas of a tissue.
DISCUSSION
Although the molecular mechanisms of glucocorticoid hormone action have been studied for many years, to date there have been relatively few attempts to identify the entire array of primary response genes. At the time of our microarray study on postnatal intestine (1) there were only seven other comparable studies, and of these five were performed on cell lines in vitro and only two (11, 20) examined immediate early effects of glucocorticoids in vivo (in lung and liver, respectively). Subsequently there has been one additional in vivo report (2) , this time in kidney; however, there have been no studies to assess the cellular location of the induced transcripts. In complex tissues such as lung, kidney, brain, and intestine, information regarding spatial location is critical to the ultimate understanding of the functional role of the primary response genes. In our present study, given that a subset of only five upregulated genes was studied, the most striking finding is the diversity of the cellular location of these rapidly induced transcripts. Of the five, one (Sgk1) was found to be expressed in the entire intestinal epithelium; another (Fos) was confined to epithelial cells at the tips of the villi; another (Gene 9) was modestly induced in the lamina propria and more strongly induced in the external muscle layers. Two genes (Ndrg1 and Gene 36) were induced specifically in the epithelium of the upper crypt and villus base. Thus from five genes we observed four distinct patterns of expression following glucocorticoid treatment. Notably, none of the genes was expressed in all cell types. For the three known genes this was not surprising since we avoided genes from the "metabolism" category of the Gene Ontology analysis (1). For the two unknown genes we made no a priori prediction as to their function and thus the location of their transcripts.
In terms of our goal of identifying genes that may mediate glucocorticoid induction of functional maturation of the intestinal epithelium, what emerges from this study is that Ndrg1 and Gene 36 are plausible candidates. Interestingly, in the Gene Ontology analysis of our previous study (1), Ndrg1 was found in the "development" category and was considered a potential candidate in view of this together with the report that it is associated with differentiation of colonic epithelium and can be found in the nucleus (40) . Thus for Ndrg1 the cellular location of expression confirmed the earlier prediction that this would be a gene worthy of further study. We are also planning to pursue Gene 36, which has no homology to any other known genes and may in fact be a noncoding transcript. Sgk1, which was found to be induced in the entire epithelium, is unlikely to be the trigger for glucocorticoid-induced maturation. However, this kinase is known to shuttle in and out of the nucleus and to be capable of phosphorylating transcription factors (23) . Thus Sgk1 could be an important accessory enzyme in glucocorticoid action via a role in phosphorylation of transcription factors such as GATA-4 (27, 38, 41) or cdx-2 (33). The pattern of expression we observed with Fos is particularly interesting in relation to the prior literature. Fos was found in the "transcription" category of the Gene Ontology analysis (1) and has been previously postulated to be a mediator of the developmental effects of glucocorticoids on the intestinal epithelium (6, 31) . However, our data suggest that it is not a likely candidate in view of the location of its expression in the villus tips. As noted earlier, glucocorticoid-induced precocious maturation reflects initiating events in the crypt that elicit a phenotypic change on the villus as a result of cellular replacement. Thus cells expressing Fos at 4 h after Dex administration would have desquamated ahead of the mature cells emerging from the crypts, making it difficult to conceive a mechanism in which Fos mediates acquisition of the mature phenotype. Our finding of Fos expression at the villus tips agrees well with a report by Yeh et al. (43) , which showed that in adult rat jejunum the transient elevation of Fos after ischemia-reperfusion is confined to the upper 60% of the villi. On the other hand, because Fos is induced in many cell types in response to a variety of stimuli, we would predict that this gene is likely to have multiple patterns of expression in the intestinal mucosa. Since Chen et al. (10) have reported that Fos is involved in the developmental onset of expression of the apical sodium-dependent bile acid transporter in the rat ileum, it is possible that Fos is transiently expressed in the upper crypts during normal development. Such a finding would not be inconsistent with our conclusion because there is good evidence that the molecular mechanisms of normal development of the rodent small intestinal epithelium are different from those of glucocorticoid-induced precocious maturation (30, 39) .
Although our interests have been in epithelial maturation, the finding that one of the primary response genes (Gene 9) is strongly induced in the muscle layers may be relevant to the clinical use of glucocorticoids in preterm infants. Whereas prenatal administration of glucocorticoid is generally recognized as having a beneficial effect on maturation of the intestinal mucosa (5, 19, 34) , in recent years the use of high-dose glucocorticoid therapy in preterm infants following delivery has been associated with reports of significant incidence of intestinal perforation (16) . Studies in a mouse model of highdose Dex immediately after birth have shown thinning of the muscle layers concurrent with growth of the mucosa (17). Gordon et al. (17) have suggested that this adverse effect of Dex on the muscle layers may simply be the consequence of expansion of the mucosa; however, our finding that the transcript for Gene 9 is rapidly and strongly induced in the muscle layers suggests a more specific deleterious effect of glucocorticoid on this component of the intestinal tissue. The fact that this transcript is not expressed in the epithelium raises the possibility of a combination therapy in which the effects of glucocorticoid on the muscle layers might be blocked, thus allowing beneficial effects on the epithelium without the concurrent adverse consequences in the muscle layers.
Several of the technical aspects of the ISH methods used in this study are worthy of comment, particularly for application to intestinal tissue. First, although nonradioactive probes are generally recognized as desirable, the use of alkaline phosphatase for detection has been problematic in the intestine owing to the high levels of endogenous alkaline phosphatase expressed on the brush border membrane of villus enterocytes.
The present protocol uses both HCl (0.2 m) and iodoacetamide (20 mM) to destroy the endogenous alkaline phosphatase. Moreover, the robotic aspect allows multiple applications of these procedures as well as the necessary subsequent washes. As can be seen in Supplemental Figs. S1-S5, sections hybridized with sense riboprobes showed no blue deposit on the villi, indicating complete inhibition of the endogenous alkaline phosphatase. The second technical point is that the special freezing chamber allows simultaneous sectioning and hybridization of four different intestinal segments. In our case we used this feature to examine gene expression in duodenum, jejunum, ileum, and colon of each animal. Alternate arrangement of tissue pieces may be more suitable for other studies (e.g., jejunum from 4 animals undergoing different treatments). Although analysis of gene expression along the longitudinal axis of the intestine can also be achieved by the "Swiss roll" technique (13) , this method does not offer the diversity of application to individual samples. The third technical aspect is that the present study demonstrates that our robotic-based procedure is highly amenable to the generation of quantitative data. The pseudo-color images themselves (see Figs. 3 and 5) allow easy assessment of whether basal and induced mRNA are in the same or different cellular location. For the five transcripts studied here, the spatial pattern of expression was the same in control and Dex-treated animals, but in other studies (e.g., drug treatments), basal and induced transcripts could well be expected to show different patterns. A further subtlety illustrated by the present study is that this method of quantitation readily detects different levels of induction in different cells within a complex tissue (Fig. 5) . The pseudocolor images can be analyzed in various ways, e.g., one could separately quantitate the effect of treatment on signals of strong, moderate, and weak intensity. The data we present show that when all three types of signal are counted in a weighted manner, the resulting composite number shows excellent correlation with quantitative data generated from Northern blots (Fig. 4) .
Despite reports of quantitative methods of analysis more than 10 years ago, ISH continues to be applied primarily to qualitative studies. We suggest that this reflects the fact that most of the older methods have drawbacks of one type or another. For example, although Freeman (13) reported detailed and elegant quantitative data describing longitudinal and vertical gradients of mRNA expression in the rabbit small intestine using 35 S-labeled probes followed by micro densitometry, this method has not found widespread use among gastrointestinal system investigators. Likewise, Jonker et al. (21) reported excellent resolution with 35 S-riboprobes on rat intestinal sections, as well as good quantitative correlation between signals from 35 S and Northern blots, but there are no subsequent citations indicating use of this protocol with intestinal tissue. It is now recognized that there are multiple disadvantages of 35 S-labeled probes, specifically limited linearity of signal due to film saturation; inconvenience of procedures using radioisotopes; and minimal ability to reutilize probes as a result of their limited stability (ϳ1 wk compared with nonradioactive probes, which we have successfully kept frozen for up to 3 yr). Several groups have reported quantitative ISH using nonradioactive probes with alkaline phosphatase as the method of detection. Among the earliest of these studies, Kiyama et al. (22) reported that, even without amplification, alkaline phosphatase is as sensitive as 35 S, and Larsson et al. (24) documented the importance of several methodological parameters including light source stability, section thickness, probe concentration, and development time. Neither of these groups compared their quantitative data with relative mRNA abundance assessed by other methods. Kiyama et al. stated that their results for reserpine induction of tyrosine hydroxylase mRNA were comparable with those previously observed by Northern analysis. However, no direct comparisons were made and, most importantly, no statistical assessment of the reliability of values from ISH compared with Northern blotting. Leeuw and Pette (26) reported improved ISH quantitation with alkaline phosphatase by kinetic microphotometry. However, this method is very cumbersome and time consuming because it requires individual recording (2-10 min) of accumulation of reaction product in each section studied. Asan and Kugler (4) also reported quantitative ISH with alkaline phosphatase. Although these authors showed a linear increase of signal with section thickness, the variation was extremely wide, with SEs being Ͼ50% of the mean. This is in contrast to the very small SEs seen in our study (Fig. 4) , which emphasize that this robotic-based protocol generates highly reproducible quantitative data. Moreover, as shown in a recent study of 200 transcripts in mouse brain (9) , our automated procedures are readily amenable to high-throughput application.
In summary, in this study the use of robotic-based ISH has demonstrated the complexity of glucocorticoid action on the developing intestine. Although glucocorticoids are often considered "housekeeping" hormones because of their roles in regulation of basal metabolism of all cells, they are now recognized as having critical developmental roles in many tissues (7) . In our microarray study (1), Gene Ontology analysis revealed that only 14 of the 66 upregulated transcripts were in the "metabolism" category. Thus the majority of the primary response cascades in the immature intestine may reflect specific rather than generic roles of glucocorticoids. This suggestion is supported by the diverse patterns of cellular gene expression observed in the present study. Since our study examined glucocorticoid effects during the second postnatal week, we would suggest that some of the rapidly induced transcripts reflect hormone action confined to the developmental period, whereas others reflect actions that are maintained into adulthood. Although the former are of greatest interest to our ongoing studies on the regulation of intestinal development, both have pharmacological significance in view of the widespread therapeutic uses of glucocorticoids in both infants and adults. The present study represents the first step in dissecting the molecular mechanisms of glucocorticoid action on intestinal tissue at the cellular level. We propose that further application of this approach to the entire set of glucocorticoidinduced genes in both adult and infant intestine will yield valuable spatial information, which can in turn provide both functional insight and therapeutic benefits.
